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FINAL REPORT

"HIGH EFFICIENCY TRANSVERSE D.C. ELECTRON BEAMS"

I. Electron Gun Research:

The proposed new sintered metal oxide-metal (e.g. AI203 -Mo)

cathodes have been tested. As originally predicted these cathode

meterials produce high current beams (IA) at multikilowatt powers in

atmospheres containing a pure noble gas or a mixture of a noble gas

and a metal vapor at generation efficiencies up to 75 percent.

In contrast with other cathode materials previously used, the

sintered materials allow multikilowatt electron beam operation in an

oxygen-free atmosphere. This is an important development in the

construction of an cw electron beam excited UV laser, where no oxygen

can be tolerated. This new electron gun, which we have developed for

laser excitation, also finds important applications in other areas of

research, such as the processing of microelectronic materials, as we

described in our review article, J. Appl. Phys. 56 796, (1984).

II. Laser Research

1) 1 Watt CW Zn Ion Laser

We have obtained 1.2 W of cw laser power on the 4911.6 and 4924.0

A transitions of Zn II by exciting a He-Zn gas mixture with a dc glow

discharge electron beam. With the same excitation scheme,0.25 W of cw 6

laser radiation on the 6149.9 A line of Hg+ has also been obtained.

This represents an order of magnitude increase in the output power over that



previously obtained from these metal vapor laser transitions and is

the first time that metal vapor ion lasers have operated cw in the

visible region at a power of 1 W.

The operating efficiency also represents an order of magnitude

improvement over that obtained in hollow cathode lasers. These

experiments show that a cw Ag laser operating at a power between 0.1

and 1 watt at efficiencies as high as 0.5 percent should be possible.

The progress towards this goal is described below. For more details

on the cw zinc lasersee "l W CW Zn Ion Laser," by J. J. Rocca, J. D.

Meyer, and G. J. Collins, Appl. Phys. Lett. _4, 37, July 1983.

2) CW AtomicQ Fluorine Laser

We have obtained cw laser action on four transitions in the

doublet system of atomic fluorine for the first time. All previously

reported laser action was on a pulsed basis only. CW laser radiation

was obtained when F2 or AgF was used as a fluorine donor in an

electron-beam-pumped helium plasma. A multiline output power of 200

mW was obtained. A collisional excitation reaction with an energy

surplus populates the upper laser levels, causing a difference in the

velocity distribution of atoms in the upper and lower laser levels.

This avoids the self-termination of the laser output caused by

trapping of the lower state resonant radiation observed by previous

investigators.

We have also observed CW laser action on the 8446 A line of

atomic oxygen exciting a He-0 2 mixture with a d.c. electron beam in

the same experimental setup. CW laser action was also obtained when
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the electron beam was used to excite pure oxygen gas. Direct current

electron beams are thereby demonstrated to be a suitable method to

excite cw atomic lasers. For a more detailed discussion, see "CW Laser

Action in Atomic Fluorine," J. J. Rocca, J. D. Meyer, B. G. Pihlstrom,

and G. J. Collins, IEEE J. of Quantum Electronics, QE-20, 625, June

1984.

Progress Towards a iW Ultraviolet Metal Vapor Laser

3) CWLElct_ Qn Beam Excited Metal-porALse

In the last 6 months our efforts have concentrated in the

construction of an electron beam pumped Ag II and Cu II laser with the

goal of obtaining a cw ultraviolet power of 1W at efficiencies over

0.1 percent. These lasers will operate at 220 and 250 nm

respectively.

To operate successfully these new devices, a metal vapor density

* of the order of 1015 cm 3 has to be achieved. Two laser set ups are

being constructed. In one of them,the metal vapor density is produced

by discharge heating in a hollow cathode discharge. In the second

device, the metal vapor concentration is produced by a

ceramic-molybdenum ohmic heater. Both devices should be operational

by December 1984. Optimization of the laser output power and

4 efficiency will be the subject of the research in the first months of

1985.
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I II. Md m fEeto

We have developed computer models of both cw electron beamj

excited noble gas argon ion lasers, currently under study at Spectra -

Physics, and electron beam excited He-metal vapor lasers under study

at CSU.

4 The model calculates numerically the Boltzmann equation for

electrons in an electron beam created plasma and uses it to calculate

population inversion densities, laser output power, and efficiency.

The results can be summarized as follows: An Ar +cw laser

excited transversely by a 50-100 eV electron beam is a device limited

to efficiencies <2 x 10-4. This laser consequently has practical

interest only as a low power (1.0 W device), where air cooled positive

column lasers art even more inefficient.

In contrast, He-metal vapor output powers of a few watts at

efficiencies as high as 0.1 percent in the visible and 0.5 percent in

the UV should be possible. The results obtained experimentally with 1
Zn+, discussed in Section II , tend to conf irm this prediction.

Experimental results obtained at Spectra Physics for the transversely

excited Ar +laser also agree well with the model. The model results

and structure were presented at the "37th Gaseous Electronic

Conference," in Boulder, CO in October 1984. A journal publication on

the subject is currently under preparation.
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A
Studies of a glow discharge electron beam

Zeng qi Yu," Jorge J. Rocca,"' and George J. Collinsci
Jlet trical Lni &nceripig Department*. Coulorado Statle L no ersitv .F-or! Coimn.. Cior d( OJ23

Recci~ed 26 April 1982: accepted for publication 14 May 19821

It The cnergN spectrum of a kilovolt electron beam, generated by a helium glow ischarge at
pressures between 0. 15 and 0.8 Torr, was measured with an electrostatic enierg analyter. An
abrupt increase in the energy spread of the electron beam was observed ito be coic.dcrut %kith an
increase in the IlurniniositN of the electron beam created plasma, and with the onset of intense
nucrowa,.e radiation. The relevance of these phenomena in cw electron beam pumped ion lasers is
discussed.

PACS numrbers; 52.80.1fc, 41 .80.13d, 52.40.Mj

1. INTRODUCTION focused electron beam. Cathode curvature shapes the elec-

U ndr pope coditins glw dschage ia~prouce tric field in the cathode fall region so that a converging elec-

pow.rful electron beams. Glow discharge electron beams tron beam results. This electron beam, with the focus

c:an he generated inl helium at pressures from 0. 1 to 2 Torr between the cathode and a target, is shown in Fig. ](al. The

witbur iffrenialpuming .2In contrast, the high-vol- cathode is water cooled to allow direct current operation at
kitou op ferintofal hot ig. cahd'lcrngnrqie m large discharge powers 1 -1 1 kW I. The position of the anode is

have opreresblow hot ctorre Wlehavr ue g low deq is- not important and does not influence the electron beam as

ch1arge created electron beams at 1 .5-3 keV and1 currents up logathandpsionsouietegowicareak
to I amrp to pump ew- on lasers. We have obtained ew, laser space.

action in both sinegls ionized mercury and iodine in helium-Seodrelconmisnfomteahd& cus
mietal % apor mixtures. Electron beam pumping is a new follow.ing bombardment of the cathode by ions which are

laser excitation schemne that could improve both the output accelerated through the cathode dark space, where practi-

power arid eficiencv of ion lasers due to the large density of
eneriletie electrons in the activre plasma mredium as com-

paed to _onventionlal schemes.

I 11C pJCCITOirn oft electron, enmed Vbxi go
di-eha rc c Ilas bei casared previously' at discharge' cur-

I kil 1a \k till~~iip Cll 1CI ctdecurrenit density of up
i,( ri' A\ cnri \%t:fm e nicasured t lie elect ron beam ener-

2 5dII hlr[iit;( -11 a t "1 Fc11ents Cellcr 20 and 700 mA. and heli-
1111 iii p r c,~ hctl sccec( I i aiid -1 Sorr Using an electrosta- 1,.,4n-

li. Crt X,il\~s/cr! ( )iir rne;iurcrriciits correspond to

1 1 ir:,r dL isit ics trio 2w niA, It cni. We ob-

*~i.I I.. uinsi'~ sprul uiced.

i ll\ poilei

11 GLOW DISCHARGE CREATED ELECTRON BEAM

'.iuis,i0'i !Ii ic _Iithiid froiit

1r p'j mcni' ' Pi I, ldii ~c I si t hrulc.1

. Ir,, Sitar Iis m r ell,,% l" 19x l ~ ih lcrnharin em n11C ,0 1)V Mdt trLt ir'~ cs I

131 J Appi Phys 54(1. January 1983 0021-8979/83/010131-06$02 40 c1983 American institute ot Physics 131
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callN all the discharge ,oltage drops occur. Energetic neu- Ill. ELECTRON BEAM ENERGY SPECTRUM
trals, created bh resonant charge transfer collisions' in the MEASUREMENTS
cathode fall region. also contribute to electron emission. The
electrons emitted from the cathode surface are also acceler- The electron beam energy spectrum was measured with
ated in the dark space, in the o posite direction, to form the an electrostatic energy analyzer, using the experimental set-
electron beam. up shown in Fig. 2. The energy analyzer chamber is connect-

In preliminary studies with Mg cathodes, we observed ed to the electron beam glow discharge housing through a

that the secondary electron emission decreased by more than 0.05-mm-diam sampling hole. The pinhole was placed 17 cm

an order of magnitude as the native magnesium oxide was from the cathode emitting surface. The wall dividing both

removed from the cathode surface with ion sputtering. We chambers is made of copper and is water cooled in order to

ha'c determined that a large secondary electron emission withstand the impinging electron beam which delivers se-

from the cathode can be maintained by the addition of a veral hundred watts. The electron analyzer chamber is

mall amount of oxygen 10-20 mTorrl to the discharge pumped with a turbomolecular pump and the pressure is

chamber which enables the maintenance of a magnesium maintained below 10 ' Torr. Helium is flowed through the
electron beam glow discharge chamber, via a needle valve,

oxide coating on the cathode surface. This oxide coating per-

mits the production of the electron beam with high efficiency and pumped out by a rotary vacuum pump. A small amount
%% hiie at the same time reducing cathode sputtering. Using a of oxygen, accounting for a partial pressure of 10-20 m Torr

in the discharge chamber, was also flowed for increased elec-
calorimeter to measure the electron beam power directly, we
found that up to 70% of the discharge power goes into the tron emission as described in Sec. II. The presence of oxygenelectron eam whent the dischargevohage is 2.4 kV. Neglect- at these partial pressures was shown to have no significantelecronbeamwhe th dishare vltag is2.4kV. eglct- influence on the electron energy profiles.
ing ionization in the dark space the electron beam current, i he electron n as ofies.
I, is related to the ion current, I., by the relationship The electron gun was mounted in a micropositioner
I = ,4. , where 7, is the secondary electron emission coeffi- that allows alignment of the electron beam both with the
cient. Considering that I = 1. + I,, we can state sampling hole and the entrance hole of the energy analyzer.

The electrostatic energy analyzer used was a Comstock,
z -Y 1. I1 Inc., Model AC-901 with 160 spherical sector surfaces pro-

1 +-viding an energy resolution of 0.5% with a l-mm-diam en-
I lence, from the calorimetric measurement of the electron trance aperture to the energy analyzer.' Electron beam ener-
hcam power an effective secondary emission coefficient y of gy distributions were measured at 0.15, 0.2, 0.4, 0.6, and 0.8
2_5 is obtained for the magnesium cathode with an oxide Torr of helium.
co:iting from Eq. I 1). Illustrative data obtained from measurements at 0.4,

UHF

SPECTROMETER

WATER COOLING

GAS IN 0 05rmm

pinhole

ELECTRON -- + _v TO PUMP
GUN

TO PUMP ELECTROSTATIC

ENERGY ...ANALYZER 1-16 2 Experimental setup used to study

the electron beamn glo%& discharge

MOVABLE
MIRROR

I-

CHANIELTRON
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tron energy profiles Iii Fig 3 denoted b± narrowk lines.
Figure 4 shows one illustrative el'ectron beam energy

spectrum measured at 0.8 Torr of He and at 0.3 A discharge
Current. This spectrum corresponds to the spectrum inl the
fifth roA of column one lin Fig. 3. Several peaks are obsers.ed
Ii this spectrum, at intervals of approximately 25 eV, %%hich

-- coincides with the ionization energy of helium (24.8 eVi.
Beam electrons that suffered one, twxo, or more ionizing- collisions constitute the different peaks. Elastic elect ron-he-
lium collisions smooth out the distribution. The important
observation to be made in Fig. 4 is that the maximum mea-
sured electron beam energy corresponds to the measured

S- discharge voltage, V,,. This confirms that nearly all the dis-
I i 5 -. ut ii ±iiti\ p-~~ns.21.)r ) M lorr charge voltage drops in the cathode fall region, Where the

. i iru , Ainins I fidischargcurrent oi)rieSru)n(IIig electrons are accelerated.
h d .r !ith ri~thi idc ti thc figiure,

IV. OPTICAL MEASUREMENTS

The light emitted by the electron -beam -created glow
0.6, and 0I 8 Torr are shotst iii three columns in Fig. 3 for discharge was monitored using an optical multichannel ana-
Currents, between 601 and 7WX miA. The indiv idual plots show lyter iOMA1 has ing an intensified diode array detector of
he measured eniergy spectrum of the electron beam at nine 512 elements. 'The optical setup shown in Fig. 2 was used.

different I (ischare Currents indicated on the right-hand side The detector w as mounted on at 1/2 meter spectrometer hav- -

of FI. Note ti thle /ero of electron beam current for Ing a diffraction grating of 280 groves per millimeter. This
each enra sl teruin :s indicated onl the left oif the figure prov ided at resolution of 6,\ per channel and a spectral range
;md) the eierg2s axis at the bottomn The same relatis e scale oif near]l\ I(XX) A. We vere also able to make spatially re-
-'A:s U,ed to pt-it the lc~,t riln beamn current fo)r es cry spec- solved iI inm resolution1 measurements in different regions
fru in illii, I1 With dat a iii this fo rmat the following trends oft the a2 h % disc harge, shown lin Fig. li b by moving one of
:aiti hbe ibsers d f or Al pres-~ores, the peak %aloe of tic elcc- the t,.%,) parallel iiirrors sho,,\n. Special attention w~as given

Iron k it rteni in, nt-ass's as the ctirrs'nt is nercininted. totilie I. teal icion 'the electron beam, in the negative glow
itiL ac~lo le denl ited a' a I 1to i '- it *s kif eulcrg reliti otftltc dischai~rge, s here the unusually high luminiosity,

' L,'1',ti Itf-i I II '. l it 1d 1h,1 i ltta1 l! 'Ir :I i t Ihe elect roll shiiwii iI Iig. lbh suddenly ap eas
L h(',I tTI'-1 pri -t;>. 'hr or iti (ltti s , lvtittnc nar M ost(if the s sabhle radiation from the electron beam

r k it rI '1.1 ;fx e C\ 'Ai ldli O i! \liii lic hom discharge %.asobsersed tobe from three He!I spectral
ihi i~'..i'rav' t ahr.ml t~e a %-'ii hi' ehartele hites .50l5.7 Ai3nIP -2.s'Si.5875.6 Ai3d 'D.- .2p 1P.

T ' . Ti fi' All: erte -. ttli VIs j'~- %ed sih tile A I.d )(78 1A i3d D . 2 p 'P''. Tileintensatv of these lines in
:,- up-i ill,~-i 1t , fl -.tniti l %i i ' h . S lSltie lit tie tical region of the electron beam as a fuinction of its-

- ! - t1- 11,) l th~ rot) ht'ill [ t!itr 1' hrecurrent is shot% it fin Fig 5. lfsingle step electron exci-
* ~ ~ , - i..it i -' ohit !-i'.-I iii n0 froni the ht'latuiii atomn grittiid state is the major c-

ki:i - t o tl Is ;lie - . it i mehanism. ill- :niensits of thle 51S'-\hnes, \hkjl(d
ii.(tituu- l (1d!,t lk 1(' ti, i imiinaltoiser the oiht-i i~tt huecs. sinceethe I'll less-I has, thle

S' - - '-.~ 2 W, III- ki- i l l](i", lii I i it' rg-si clec iron iiiipa - '.tatton citiss cc',iti T to lste -

A 1 Ti- '- - I- cd - ite I )r irpi i d~ i -It I IC Obsersesl at I iti Ji-., li.irze current' .k hen tietteatise

* - -.. .. i\, -ar-n, 'h I-.,oitea -i-U Coi is 133



Fig. 3, and direct excitation from the helium ground state by
1 0 87 :beam electrons is no longer the dominant excitation mecha-

nism. The discharge current at which the sudden change in
/ plasma luminosity occurs increases as the helium pressure is

incremented. This is shown in Fig. 6. Below we describe the
o8~ origin of the change in the electron beam energy spectrum

and the correlation with the appearance of a luminous region
in the beam-generated plasma.

6 / 78

V. ULTRAHIGH FREQUENCY (UHF) GENERATION

The degradation in the electron beam energy profile
5016 and the observation of an abrupt increase in the intensity of

the visible radiation emitted by the discharge previously de-
U)
z scribed suggests the existence of strong beam plasma interac-

04 tions...... A confirmation of the existence of plasma oscilla-o
tions excited by the electron beam is the observation of an
abrupt increase in the intensity of the microwave radiation

generated by the discharge, in coincidence with the appear-
02- ance of the optical emission phenomena described above.

Figure 7 shows the Xband UHF emission intensity as a func-
tion of the electron beam discharge current. The beam cur-
rent at which the UHF radiation abruptly increases was al-

0 6 ways in coincidence with the appearance of the "ball of
0 02 6 18 0 light" in the plasma region [shown in Fig. I (b)] and with the

DISCHARGE CURRENT (amperes) pronounced degradation of the electron beam energy spec- . -" .-

(; 5, Ichar ofthe .,pcftt nsCus cllsur, originating from the focal trum. Specifically, in Fig. 3 for a pressure of 0.6 Torr the
rcgmio ot the elccrim heam hehum d.hhargc tichum pressure was 0.2 onset of beam degradation occurs at 500 mA, which agrees
I (rr with the current for intense UHF oscillation shown in Fig. 7. " -

The same agreement between beam degradation and UHF
threshold occurs at 0.4 A with a helium pressure of 0.4 Torr -

glow. as observed by the eye, is dominantly green. In this low
current range the intensity of the lines increases roughly lin-
early with beam current up to a critical current. Then an
abrupt increase in the luminosity of this plasma region oc- ]
curs, as shown in Fig. 5. When this occurs the plasma looks o5 04 Tor

as shown in Fig. lHb). Now emission from the 5875.6 line -

dominates, making the region of the plasma appear pink/ e

orange to the eye. A change occurs in the electron energy . I
distribution as shown in spectrum drawn with thick lines in a

zU)F-

J z

02I II-j

I o--

0
) 02

a:aO

0 0? 4 08
F I) 4 

'
ii '11- 1 ''t II I ii hill 1 liil ' t, , .ini 4 hellimi DISCHARGE CURRENT /(A p)

firesnir I Fi, iiit Iiinnn in,r plasmani ii.'i~m ni he.rkcl ftir iI( ciiiilitiiiis
1ih() i t( tlii ' Inr~ Ri 7 Iniiist iifriiirnwa~ rirtnillInI A1ttiiciiit I'III I sl n ge irr

13 o
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OSCILLATION FREQUENCY (GHz)

F-I( V 'requency spectrun ofmicrowave signal at a pressuretif03 lorrand three different currents

Figures 3 and 6 show that the current onset of these In a cw electron beam laser system, such as the one we
phenomena increases as the helium pressure is increased used to obtain cw laser action in He-metal vapor mixtures' 3

This is in agreement with the results of Wada and UHF oscillation could present a major disadvantage. This
Knechtli." who observed that the plasma density required system is longitudinally pumped by an electron beam ofap-
for energy transfer from an injected electron beam to the proximately 3 keV. The pressure in the plasma tube is sev,-ral
plasma was higher when the background gas pressure was Torr so that a beam-plasma interaction that degrades the
increased. This shows that collisionless thermalization of electron energy profile in the way shown in Fig. 3 would
electrons in a beam-plasma system can be inhibited, if the reduce the reaching distance of the electron beam and results
electron collision mean-free-path is made small enough. in a substantially shorter and nonuniform active medium.

The spectrum of the UHF emission between I and II In a transverse geometry, the range of the electron beam
GHz was measured using an UHF spectrum analyzer, and is should be small so that the majority of the energy is deposit-
shown for three different discharge currents at a helium ed into the plasma and not onto the walls of the discharge
pressure of 0.3 Torr, in Fig. 8. This broad spectrum is similar chamber. Electron beam excited plasma oscillations could
to the one found in previous experiments that studied the therefore be used to efficiently deposit the electron beam
oscillations of beam-plasma discharges,"' in which the energy in the case of transverse electron beam excitation into
dominant mode of interaction is believed to be at the plasma a volume with a small cross section and long optical length.
frequency. The plasma electrons find themselves in a rf field One such transverse laser excitation scheme, using glow dis-
that accelerates them to the energy range where they can charge electron guns,- is shown in Fig. 9. The anode position
excite and ionize. This increase in the excitation rate is con- is not shown since its location is not essential to the charac-
sistent with the observed variation of the light emission. teristics of the electron beam discharge,2 nor will it block the
Plasma oscillations are judged to be the mechanism that effi- optical path. The use of two cathodes allows for partial trap-
ciently transfer energy from the electron beam into the plas-
ma, causing the observed energy degradation of the electron
beam energy profile. CATHODE

VI. PLASMA OSCILLATIONS IN THE EXCITATION OF cw

ION LASERS ,
Beam-plasma discharges, created by exciting plasma BEAM-PLASMA

oscillations with a pulsed electron beam drifting in a longitu- e- BEAM - INTERACT ION

dinal magnetic field, have been used to excite pulsed ion la- REGION

sers " " In these experiments an electron beam of energy
betAween 10 and 45 kcV and current between 10 and 30 A was CATHODE

in,,erted into a plasma chamber, where the pressure ranged R OFALL

from If) -i 1(0 lorr " At this low gas density the elec- CATHODE
trrn beam energ. would be very poorly deposited into the

plasma in the ahs.nce of the collective interaction between 1- 16 (ros -scctional sie of a proposed transversc electron heam"

the electron beam and the plasma. that leads to intense exci- pumped laser using opposing cathodes and a beam plasma Ineraction "

tatiun of high-frequency oscillations. I, hiese efficient energy depostiot

135 J Appi Phys. Vol 54, No 1 January 1983 Yu Rocca, and Collins 135



- - " -.. .... "" -"- " .. .. " . ... . " *-- --

ping of the high-energy electrons. Beam electrons which Boulder, for the useful discussions, and Tom Burnell for
reach the opposing cathode after passing through the beam- skilled technical assistance. This work was supported by the
plasma region are reflected there by the electric field in the National Science Foundation and AFOSR.
cathode fall region. Both of these effects will increase the
energy deposition efficiency of the transverse electron beam.

( VII. SUMMARY

The energy spectrum of a kilovolt electron beam pro-
duced by a magnesium cathode glow discharge operating in 'I J Riicca. J ti SMe',cr, andG ( j C'iiihns, Ph'.,, I &i A 87. 2 -',1 2,

helium at pressures between 0. 15 and 0.8 Torr was measured -Z Yu, 3 J Rocca, . i) Mcer, and (; J (r llhim, J Appil I'h'~ to hc

using an electrostatic energy analyzer. The maximum ener- pubhi.di

gN of the electrons coincide with the discharge voltage drop, J 
J 

Rocca. J I) Meyer. and (i J Collins.. Appl Ph%', I l! 40. 14), NX2

V,. The electron beam energy spectrum measured at 17 cm "i t) Meyer, I. 3. Rocca, Z and 0 JL CjIIn'.i I J Quanimn tIle
tron. 18, 32t) i 9

82L
from the electron gun presents an energy width at half-maxi- 'J. J Rcca. J 1 Me er, Z Yu, nd I ( Jlii, J',N'.icd ,ri [he I rl. "

mum of 100-3) eV. The electron beam energ. spectrum |'ourth Gaseou', E-lectronic (ontcreric', .iX ,hsr I "

,gets narrower as the discharge current is incremented up to a "R M Chaudhi and M M Chadhi. Pr,,t Vlifh n( (,nt Im in (ia.c
iBelgradel .192, 1905critical current value, at which point it abruptly degrades G. Carter and J. S. Colhgonhln B,,mi96ddren ,i American El.e-

into a broad energy profile. This change in the electron beam 'ier. New York. 19311.

energy spectrum is coincident with thesudden appearanceof 'W D Da'.s and I A VarderIeCr,. l'hj, Re: 131. 21' I101

a plasma region with a very intense luminosity and with the (astuck. Inc Electru'.aiuc tsucrg, . i;ih ,cr Ridgedc] ,n'-s lanual." Oak Ridge. tennessee

enlission of intense microwave radiation. 'H. S. WL Masse. and 1-. A ', Ijur',hp. I',(,,in, jia bi I upat I i,-

-Ths phenomena is attributed to the generation of plas- ,nomnena, V.. 1, ,O.Xtrd ( ri',cr,.', I'r..s. ,I iv ,,'ue at'., aR R1 SM John.

ma oscillations drix en by the elcctron hearn. We suggest the F. L. Miller, and C. C Ling. PIhN,' Re% .A 134 .,"X I164
method tt - t II. Liouie'. and S C" Br,,'..r Ph'.'.' Rn'. 93,' ' l'.

use of the beam-plasma interaction as a method to efficiently 'w t1 (oett and t. t Smuln , I A c ' 34. 1,4 l ';4

d deposit the electron beam encrg. into the plasm a in a trans- "W 1) W ad and R C " Kn chihl . Ph'',  llids 12. 14 9 6 ' ) I

kcrse electron beam discharge for the excitation ofion lasers. '"'Nu U Track. Ya 13 Fairherg. t. I Dtolun. ).i ' liesarah. N I'
iadeiskii, Yu N Chernen'kii, and A K lerc/pi. I-:P Lett 6. 371
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1I -14l FROs 141 %%1( RE7A FU1) HELIUM I)IS( HAR(1 ES

R()( m Ii rot

11 i f ( 11- ,tit

ki i ii[..! IIIC Ic. iii1 cnicr: %I theC theiC~~ trujl (I electron,' ti h.Itf Initituia ind trainsierse electroni

I' n IM I I111h iliii II '% 111\, e thc 1ic'I'iirTeiil le'liikfi ernpkiN the ritio of intensities of' spectral linex li the
AS q, 3 IlIC I .ciL-1C. \ !ile' '' A I- IItv\%Vii 0.071 jnd 11. 1 1 C\' \\ere IoIt I 1ed. Thiese ener-Lie,, are trpicalI of tj heam III

Cnt'ld CICeII Ti1i 11d tfTCC ....iu .. li TptTiClx t helium tos h\ recomlsination aind b,, chare-e Iinslet In ai
II I I, Ti. iii"- d pxi, ~ .,I, i.tiTd the rexuIit are applied (t0 the IlIeg laxer pumiping SChemeII uxNine J elect ron

RCccI1% l\%\~C LIetIti0sIIt td that election beatmci.
created Llosk d iscitarges ntax be eniplovecl as a new ac- r-

tn-c mthliri for (W ion lasers 11 41 .We have devel-
o/ped Llow% discharge elect r on gunIIs for bothI longit ud inal
1>6 ' ts an I ansverse 17 1 plasma excitation. These elec-
Iro i ns p~od 0cc elect ron -beami currents up to I A at
ettecies between I anid 10) keV.

li.I sim s the calculated electron energy disf ribul- CL
in i ihe electron beam generated helium plasma

ssbt aied h~,sliteBltzmann equation in the7_I
bysligthe 400

electi, field free negative glow region t181. Alth1ough T
the itsi/ation is doie to collisions of gas atomus with 5 0 0

m
Iiiiud- and in lermedia Ic-energy electrons, the most z: 0
inieiciiix group of electrons in tlie negative glow has 171iJL

Itemi thiital cnergs (see fig. I ).This is because theC
::00

\k *rk tsipirited lb% the National Science Iloundiatisin and

II it luificecni CICTT nc-re distribiution tor htetiumn

PI up. d III Te Ix keV electron hem, Ile densiity 6 1inei
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I . lo, ll~C 'IIS I( Sl [I I RS .tlic I9,10,

hf l Ilt cil 1A I', s seiril t tile plliioIll Oft seclid- I le plaslina ckiitjiied hIsI a llclic tHeld. III tis case

cI in 'ru/tu Illt~r M1111 collisions tinl' e hearit cleaited plasiiia ai iaiie-Clcreit wtas smljar
A I t ,I - MeiI Iiie j'ij \I'eI. ealch lied I fCec- til tte 11\C usedo t0 olill lidsel actit'ii 11) %ailis

1 i1 1II ICAI I Ciiin s- sC0 tlkhI ar cl ctIIrlls- I'llese Ile metail vapor riixines. descied fi detail lil refs.

..lliIS %K Ciri ull lI'ii'U 5,1' slleelhxtic .'od- 11.2 1. The OtIIVLl it'tereieCI bi)iie tle use Oit two eIec-
I ri [, fill eccited atmiis. elas(iic ollisioiis \%ifII bearit rll gus101 k' Ot at each ettl Ot' thle electrOitagiet 10 toIll-

,I. nx r l estl il eult eice-bods eleetioti 101i crease p)lasm11a tUtitii0iiiit.
"1011k('Ti .inid ti'ic triahi/ed h\ elastic cl- The sponitanieous ciiiissilin fromtire electrion beant

'11 Ilie11 ldL-tree icatie lIMrcill exciteil plasia wsvjsclllected thrIouglI a. suprasil witndow
Wit 1(ld ircixijied flie dlectrll I tdiipei atilt tieofile Zilld tocused into0 file Slit lla I lit SPIX spectrometer

7h, d 1 i11 id\ 'l llipd Ct eleerrhis Ill flie ticetiv h\b a LI nartz lens. We used an RC'A C'3 1034 Pelt ier cool-
iiiI nlliihrillaid I iitisseie -,lo\\ diswhlrges ed lplotonitiltipliet. The spectral respiltse ot' tire entire

li i.ll't xjcll 1(lteiltex o t1,re1 2's"' opI)tIcal dI teCtIiot Hsy Sten IIWas meIaSur Ied using a tunlgstIenl
I Ic I 'c I lcx ibboti lampll calibrated at N.B.S. so that the measure-

K1 > I die III helriCeit)1111l' till" Iliellil d irietits of' relative intenisities were piipery corrected. 0
* .I ilix 11c c. It)i 'Ic(tCI III Ic it tile Pl~isiria IS The ratioof1intensitiesl. ot the lines otthe s 3S j~ 3 p

I !d''lihiili li lriiatl 111 tt. iiice lie I seiiesaissuint the levels are ili local theriody-
*iu~' ss~te tIlllcc-houl\ Clectiroi ioneoi- iaiiic eiiuiilibriui ( LT[ I is related to kT. bY

I xV 'lit'hi~l ' ~ II I.li i iit:g T. it
i C ItIt tkIC c It-I IlIxci[ 1cc) 1i id l i taI wa i I epresetit I I

*~~~~ ix 'ltlci 1 ils. iliIcb oii uitgIitpuit pov~er X Iti I(' (It' )31(uj' -) 3,13I(j I-21 I1
lk eic Aix.) it thle p)la IS tlo lie used as

hci m ~ lediumlr these loss *ecire electrons wkill w.here XV'Iln'. ii) is, t lie dlitfercaice of' etier gy between -

PhI\ mlIriIportI.lit tile Ill tile elI'CIli0 dc-eXCitationl levels it and it'. X' atid X are the wkavelengthis of' thle
''lI the laser ld~dls 111aditioti lrigitatingl tlollt the 1t' aitdit levels respec-

I lic Illi~itlilillally ec\itedl electrirti-beani) plasita lively. This equatJ1iln foir AT. is particularlyN setusitive
%%I, created j10 a o~sischarge electron it un simitila r t otne asu reticelit error tit' reliative inlenlsit ies for hiigh

1) filue )ieC describedl fi ret'. 101 and having a i- 1B6 values litn and it'. A remedy is to extend the range of'
ca i e3.2 cm fin dia meter. The electiron gunf was itt- mteasuretmenits liver a large nutmber of' Rydberg levels.

* ~I1ItI ced tiitI a xl:tJiless,-st eel vacLumI chamber havitng A plot if In (I/X 3 ,,3J) versus h'(n ) where En) is the
xllplAsIl Liluart/ windiiws for optical measurements. energy level it, yields the average electr[lin temtperat ure
The lmet al chambler svas oronded and served as the friim tile Slope iif' a lute connect ing thle data points.
am 'ode I ', thle gldischiarge. The line ititenlsity Inca- Griemi 1131 has formrulated ain approximate clee-
stircilelttoo111k place approxittately 10 cm frotm the tron detisity criterioin for a hlydrogenic level nt to be
cathoide emlittirig surface, far from tile cathode dark within 1 0"' ILTE with the neighoring level it + I
space anid well intol the field-free niegative glow regiont.

Tile tralisveise elect roil-beam discharge was esiab- (74X11/l72)kTl3.)2
lishied frit lie smiie vacuutt chamtber by replacinig the X exI(WI:' 1,I t+ )/kTJ . (2)-

* eclectroll gulf described ablive by two transverse clee-

Itll millsx sttitlr Il0 thle ltes, described inl ref. 171. Niitice that U, is inl eV. For anl electriit temperature
rlrev wet e po sit ionted parallel facing each oither as of 0.1 eV atid it = 8, eq.- (2) requires anl elect ron detnsity
Inidicated ilt fig. I oif reft. 17 1 with lthe distance betv ween ill excess of, 2.1I X 10 10 ctnl 3. t nder the discharge-

*thle cathode entlittitie surfaces iif' 3 eit. The cathiodes cortdition ot' these experittterlIs thie electron detnsity inl
%ie slIttless. 5 cmi Iontg hy 1 .2 ct wide withI a radius thre tiegative glow of' thle elect rim-beam discharge is

* iiclivatlir I f I 5 cii.Agati lie ittersit nieasre- Judged to be always >1 011 cul 3. Consequently allp

Iews wvere rade iti thre negative glow, inl the cenitral thle levels With] i1 > 8 shioutld ble iti LTE arid thle ploits
po(ill Of l I lie disc large. We also ihIavye mieasu red thIe of, the 2s 3 S up 3p Phelium series are expected to give
clectr Ilt teirperatulre iii aI lontgimtudinal elect ron-beam (lie temperature of thle thermal electrons inl the clee-

tron beam discharge.
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r\ call of tle is 3 S ,p P 1 heliumll series fr it >_8 i. 3. Seinilovarithiiiic plots o) thec line intensities of the
2\ S lip 1P Il I series in a heliu ni pli es cit ed by a lorigi-aketn at 2' Torr of hleliutlt at anl electron gun voltage tudinal electron beamn. Ilhlum pressure. electron beamn cur-'

ot* ' kV 411tl I mirent lof 75 itA is sholwn iii fig. 2. rent and voltage arc indicated Cor each plot on the lef. The
I. Graphs of' If,( 1 !, 311I ) versus /flui) for tile longitudi- corresponding values of kATe are indicated at the riehi oh each

tial 1 discharges arc shlo wn in fig. .3 for different d is- Plot.

JIharee COtiditions. Thle data bor each conidition were fit
tol a straight line using a weighted least-squares-fit rolu- the thermal electrons between 0.066 and 0.96 eV.
itle. File relative errors in the determtinationi of the Variatiotns of kT, as a function of current and pres-

slopes, taken as oinc stanidard deviation, were between sure in the ratnge mentioned above are within the error
IS tad 30',. The Stalktiad deviationis of k Te corre- range of the measurements. Measuremients done in thle
sponk ll set oIf four spectral recordings repeated electron beamn plasmra confined by a 2.7 kG axial mag- -S

at the satme discharge conditions, were between 4 and netic field at pressures between 2 and 4 Torr, electron
I3 I . At hliumi pressures hetweeni I arnd 4 Torr. cur- beam energies between 1 .2 and 3 kV and at a discharge
rents hct'.see 0.1 atnd 0.6 A and electron energies cur'rent of 0.25 A gave electron energies between
I*elect i) 0.75; anld 5.3 kcV. tilie longit udinial discharges 0.090 and 0.101 cV. For a few discharge conditions we
had values of kT. for the thernmal electrons between also independlently measured thle electron temperature
0.075 andIL 0.105 eV. Measurements done in thle tratns- using thle 2s I S tip I1)Ile I series obtaining, as expected,
verse dischlarge at pressuires between I and 3 Torr. cur- good agreenient wvith the results obtained using tile
[llits het wecl 0.05 aid 0.5 A and voltages between Is 5 Ip3Pseis

(0.1) Mid I kcV give similar ehectroni energy values bor The electroln tettperaltires mieasured are fin good
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11I 1 ]l-ill ,l clcicAl file ahestl

ii .. j~ cjl~cI Il 5 r~1 I. 1 ractilt of hetlli iloh Itis h recomlbinatitln in a
i!.il'i clie~ 1 IIe IlLismia ss ilh ATC Ii cV ziS a tunct ion (it electron

l~l~5CelctrnsCIIit If tile ditt'erent [I,- ctinccntrattion indicated at the

I I 'cc11c11 fli c\ i le L112 lId 111 thl~e I.s [tol

111, i l Ilc 11C itc'ls and tile arc1111111- thle cliarge-trarisler react ion
!,'11 Ai,nsl ,lHINIktmN kekcps tile electioti1 te~rtile Ile+( 2SI 2) + !Ig(I IS) - ile( I So~) + llg+(7p 2P) + A.;

Kti \%S iIo Illc stitw Of t11,2 'eetrlOtt Ielipevtife of' Fig. 4 shows the traction of' ions lost by collisional-
11IC imii, Ilict itil elct:Cron', thle iriportaiee of IN assisted (three-hody) electron recombhination as a
lcI II ICC W01Ihjliloll as j loss trechltisii of ions function of, thle electron density, for a plasma with

Ill IIN Is elect Ibcam1 cied LIs ~~~dCanl be calculated. UT= 0.1I eV, for various tg, con1cett1iOnS. Electron
lic- iiu.mm~~mtie values oft thle vijriotis Creation atid loss densities tip to I X 1014 cut, are considered. Larger

IIIciIlI\1 m vit £llldl-stitc' butTer gaion is11 itmpor- electron densities are not of great interest in the case

- ~ ~ tII lii2- ~NCIelctron1-beam1 pUI Id lasrs rI o cw lase opeat ing at 6149.1 A because the
I hI111 %%e %kill con1SIder tile losseS ohl Ile' ini I Ile Lipper laser level would he strongly depopulated by

Ic c~c~Ii 'inhc1itt1pumpe laser plasma. We asumne that su~perelastic electron collisions. The atomic tempera-- ____

4Tite 111,s IIdICIIi 6t 1 tIrelim IONS ,Ire. thermalIJ charge fure was chosen to be 1000 K, since there cannot be9
11.11tef C liiti iliII tlns llirilVaisted at large temperature difference between the electron -

lit ee-nocL\ Iccoilhittl~riI I raiative elect ron recoribi- gasJaild tile parent gas in a beami-generated plasma [101.

Htici: clhiiit to rthe wiall. lnit n elect rort-bearn [:o I g corteentrations _>3 X 1015 cml 3 electron re.
liser plistil (h thle kind used in ref. Il 11. kili mercury cormb ilia tion losses ol lie' are small (K "0',"') for ee-
vapllt dettsiv. I Ig. hemceert I X l0t5 arid I X 1(16 [filr) densities below 10 14 cr11 3. It, tire jig coricertra--

4 arid A 'F.0.1 CV (lite last two processes are rnegligibly lion is decreased recormbirnation will be arn increasingly- q
strIIAl Cooipated witht (lie first two. Irmportarnt loss mtecharnisnm of' I le' ions and the effi--
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ho~d% elect ronl reconiinatiort -FIR is. pllrtartt to notice that tire Hg vapor Conlcentrationr call-
4. not be arir -l icesd since Ilg hras a total ioni- -

A l CRoISS sectilr peak vale More thlan 10 tilles
Ii IgI + I i~ 3ttJ) 3.V2larger thtan Ile anld the arrtourt totelectrort-bearn power

Mi hre -1 7.1 1 t 0 1t~ 1~III anrd K =vfJ. is loss irt elect ron-iripact ioni/.atiitn aird excitation ofIlg+
the cliareve-tririster rate corisltari. wh, er c u 1 .4 X 10 14 wkould also lintit tile efficiertcy of a cilarge-transler-
1112 1, flie tota elocnry-averaged cross section 1101 for pumtiped lie Ile Uiser. Tile coniclusionts of fig. 4 can
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1-W cw Zn ion laser
J. J. Rocca, J. D. Meyer, and G. J. Collins
Department of Electrical Engineering. Colorado State University. fort Collins, Colorado 80523

Received 28 March l983 accepted for publication 19 April 1983)

We have obtained 1.2 W of cw laser power on the 491 1.6- and 4924.0-A transitions of Zn 11 by
exciting a He-Zn gas mixture with a dc glow discharge electron beam. In addition, 0.25-W output
powker has been obtained on the 6149.9-A line of H-g 'using the same excitation scheme. The
comhination of electron beam ionization of rare gas atoms and subsequent charge transfer
excitation to metal ion levels is shown to have the potential of significantly increasing the
etficiencv of ion lasers. cw multiwatt visible and ultraviolet ion lasers operating at efficiencies

I(10) appear feasible using this excitation scheme.

IPACS numbers: 42.55,Hq, 42.60.1By

We lime obtaincd 1.2 W of cew laser power on the lar to those employed previously.' "' the main difference be-
41111 h- aind 4924.)-A transitions of Zn 11 by exciting a H-e- ing the use of two glow discharge electron guns, one at each
/n 'a mixture wkith a dc glow discharge electron beam. end of the plasma tube, as shown in Fig. 1. These glow dis-
\% ith flic ,arnc excitation schcmne 0.25 W of c\w laser radi- charge electron guns produce well collimated dc electron
Own 11 ith hb.~1491)-A line of fig' has also been obtained, beams at energies between I and 6 keV and at currents up to

111 ri t~ic~ itsn order ot magnitutde increase in the output I A. They have been described in a previous publication.'
p ' c utsousls obtained Vromi these metal vapor laser The use oif two electron guns doubles the available electron

1111" pmo m i~aid is the first tinic that metal vapor ion lasers beam power and also increases the uniformity of the electron
I i. pr~i il i n ft-e isihlc region at a power of I W beam created plasma.

i h i- desigiis uised to ohiaiii these resuilts were simni- In the laser setup O) Fig. I ia , the two 50-cm-long cec-
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tromagnects that help to confine the electron !5eanis are sepa- transitions Of Z11 11. This output power was obtained at a
rated from each other by approximately 2 cm to allow the discharge current of 1.7 A and a total discharge input power

*introduction of both metal vapor and helium into the middle of.3.5 kW. The optimum helium pressure in the plasma tube
of the plasma tube. Both ends of the plasma tube are connect- w.as 3 Torr and the magnetic field for maximum output was7

*ed to a vacuum pump, allowing for continuous gas flow. L9 kG. This output power is 30 times iarger than the highest
*Using this experimental setup and internally mounted cw power obtained with hollow cathode devices 7 and also

2-in radius of curvature mir rors, we obtained 0.25 W of cw represents a 18 fold improvement over our previously re- .

laser power on the 6149.9-A transition of Hg 11. The vari- ported value obtained with electron beam excitation.2 The
ationl of laser output with electron beam discharge current efficiency is 0.034% and is over eight times greater than thata
and voltage is shown in Fig. 2. The laser output power in- obtained ii. hollow cathode lasers. 7

creases linearly with current and no saturation was observed We consider that even larger improvements in the out-
up to the maximum current investigated. The output coupler put power and operating efficiency of electron beam pumped

*in this case had 94% reflectivity at 6150 A. The optimum ion lasers is possible by optimizing the optical cavity to make
operating conditions were 1.5 Tor " of He, a Hg source reser-
voir temperature of 130 *C, and a magnetic field of 3.2 kG.

Placing the metal vapor source reservoir in the middle VOLTAGE kV)

of the plasma tube helped to provide a more uniform metal ___ 1.6 2.0 2.25 2 5
vapor distribution, however, the reduction of the magnetic 20

field in this region, owing to the separation of the electro-
magnets, caused part of the electron beam to collide with theI

*plasma tube walls. To reduce electron beam power loss in the 200-
Zn I I laser experiment we used the setup shown in Fig. I1(b). 3:

E
In this scheme the metal vapor source reservoir was at one
end of the plasma tube and the vacuum pump connection at 150[.

*the other end. High purity helium was introduced into the 0
electron gun chamber at the reservoir side to assist in the 10
distribution of Zn vapor. Helium was also introduced into W
the opposite gun chamber to permit the control of the pres- -
sure for optimum operation of the electron guns. The glow 0
discharge electron guns used in this experiment had alumi-
numn cathodes, just as the ones described in Ref. 3, but had an
8.5-mm-diam optical path through the axis to allow better QO 2

use of the active volume and to diminish diffraction losses. ELCTO 0EA D1CHRG CUREN (A)

The optical cavity consisted of two 4-in radius of curvature ELCRNBA DIHRGCUET()

internally mounted mirrors. Reflectivities were R, -> 99.17 (FI 2 Laser output rxtwer ofthe 6 149 9-A fig I I iransition aisa function of
and ~ 935% a 490 A.Usin thi laer stup e ob dtron hean discharge CUrrent arind switage Aserage heliumn pre-sure in
aridR. 935% t 420 . Uing hislasr stupwe b- he acrinediun swas 1 5 rirrr Magnetic field 3 2 k(i fig resersoir teni

tamned 1.2 W of cw laser power on the 491 1.6- and 4924.0-A perainire %%as I ~'
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1- 1 1 ni tpt piik)Tis t bhc rith Ic gas tons are createdc doitrIll ant- elaborate Model oit the clectrtii heam created plasma is, rc-
I' by thick. I let -ron tearn itini/tion of noble gas atois. We qired.CL We are presently \%o rkirrg on a computer model in
o.n di .l I ri:e elct roin he-~IS kkl tf b an efficiencl 4, bet ween '.k.hich the elect ron eniergy distribution is, calculated by IUn-

50;and 8()' using glow, discharge electron guns. ' Anl eec- nierically solving the Bolt /mann equation for electrons. Th e
trIon beamn if energy (105 keV im pinging on a He gas target dist ribut ion is then used to calculate the excitation and ioni-

de~posits N) (itl its powver into the creation of ionls.. How- zation rates, ncessary to determine the population inl the
e% er, tii a poirtion oft hat power I, Will he deposited into laser levels and subsequetrtly laser tiutput power and operat-
lie proiduiction tif helium17 ions Mi en ant electron beam irn- ing efficiency.

piriges oni a helium-metal vapor nmixture. In the ease of a 10 In summary, vWe havc obtained 1.2 W of cw, laser power
to) I partial pressure ratio of helium to metal vapor, we would on the blue lines of Zn 11 exciting a He-Zn mixture with an
-xpect roughly half if the pow.er to be deposited into helium elcrnbeatn. ew multiwatt visible and ultrav iolet ion lasers
tons if the ionization croiss-seetion ratio of metal atoms to operating at efficiencies -. 10 'seem feasible using this niew%
helium atoms was 10 to I . Consequently, we expect that the excitation scheme.
fractiotn I. if the electron beam power to be used in the cre- This Work wvas supported by the National Scietncef atitur of helium ions will equal 3017(. Only a fraction of these Foundation.
totns Will Pump upper laser levels via charge transfer. The
noble gas itins are lost by diffusion to the walls, electron
recombination. and charue transfer collisions with ground
state mletal '.:por atoms. Thermal charge transfer collisions
have a large cross section (130 A , in the case of lie *-Hig '3 3Rocca. J D Me~cr.and ii JColihnN.Appi PhNs Lett 40. 3(X) 082,

4 oillisioilPi T herefore, at metal vapor conceintrations I J Rocca,.J. D. Meyer. arid G, J Colins. IEEE I Quanrtum Electroin
14 10" cm and electron densities below 10" cim 'the QE-18, 1052 I 1982i i arl.an .Ciins pi h.

T 3 Rocca,. . D. M~eyer. Z IIu. MFrel n .J olnAp.P~
charge transfer loss channel dominates, and the fraction F'of Lett. 41, 911 i19821.

tuoble ,as. ions lost hy pumping upper laser levels can be 'J. J Rocca. I D. Meyer. and G J. Colins, Opt Commnii. 42. 125 11 Q918
S. I 8 i-ummary, the overall efficiency D, with which 'J. D. Meyer, J J Rocca. Z. Yu, and G J. Collins, IEEE J Quantum Elec-

the dischairge power is deposited in the laser upper level is trtin. QE-18. 326 i19821.
'T. J. Rocca. J D Meyer. and G. J. Ctollin. Phys Lett A 90, 358 (19821

then IJ. Piper and P Gitl, J. Phys, t) 8. 127119751.

I) ~' I [0 15 2 B. warner. Ph.D. thesis. t.nixersity of Ciolirado. Btiulder. Ctlorado,.
1) g , F-0, 1 (2) 1979,

I lie qtin um fficiencies for isible metal vapor laser W totz. Z Phys. 232. t1lt 19701; H. S. MasseN.. E. H. Bturhop. and Ht B

Ilsitr is Illh 2.4 eV) excited by lie I ions are roughly Githody. El'ctrounic and Ionic Impact Phe'nomecna (Oxford Ui. rsi'.t~i1 Ox4-
ford, England, iQ7i . Vol I
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CW Laser Action in Atomic Fluorine

J. J. ROCCA, J. D. MIYYER, B. G. PIHLSTROM, AN G. J. COLLINS

,tbstract-We have obtained CW laser action on four transitions in the chided that radiation tripping of the lower level via reabsorp-
doublet system of atomic fluorine for the first time. All previously lion of the 955 and 956 A resonant radiation limited the laser
reported laser action was on a pulsed basis only. CW laser radiation was pulse length. Jeffers and Wiswall 121 obtained quasi-(W laser
obtained when F, or AgF was used as a fluorine donor in an electron
beam pumped helium plasma. A multiine output power of 200 mW pulses, 2rps lonIg in a lie-lIt discharge. They reported that

was obtained, the trapping of the resonant radiation was not a limiting factor
Il their experiment due to the existence of a second lower laser
level dC-excitation process involving the atomic It produced in

I \IVRAI. authors I I 1-101 have previously reported pulsed the dlissociallton of' tHF via the reaction F(3s2 P) + H(n = I
laser ac7i1 ii atomic hlorine. ktvacs and I.7 I 41 tI2l , 2e 2W) + 110i + A/L. However, their laser operated in

otaiied 1-2 ,s laser pulses onl tie 7t)37.and -~ the afterglow (ot lie discharge pulse, precluding CW operation.

\ liues ,o aioiiiic lrii.e iI either ([|:4. ," r (~ l Ia.rid Mre recently, ('rane and Verdeyen 131 reported 80 ,is long -

lichii i ,liurc,. I he ] Aer laer level, (.;N ' are relat, iscl, laser pulses using a hollow cathode discharge. In this case the
deppulitd vli ll,,ed resolail iraitn's, id.p he, cot- termination of the laser pulse with respect to the

excitation pulse was suggested to he due to the depletion of

, rp ;, , ',1 ,, ihr 2 ~St. rc,, td cirur. }. I 4. the fhluorine donor.

I - ',,k s, , Pl , ,i i , h\ , i tiii S, It I ,tlin ,n Intl 1- We report 'W laser action o il the 7037.5, 7127.9. 7202.4
I,,r 0, . ,1 ' t 'r. I"-l hI-Its ( , ri h, n, I crsat. intd Siitri and 7800.2 A laser transitions of atom ic lutorine using a dc

Ih, .iirhr, .itr, %, k h Ih i, r'ri t I I t,( ric d I ntincerlng, electron beami to excite either lie-F2  or lie-Agl' gas mixtures.
li,,h;d,, ,i t , i r~, r I r 1 Ihs,. (I) S2 4 The laser setup enpolyed in this experinent was similar to the

O01 8-9197 /84/0600-0625$01 .00 © I 984 I FL

"6,.. . . -



626 1111 JOIN1?N \1 M QIIAN tTM 1t1.t1(HONIt'. VO()L. 20, No.(,. JINI 1984

3(A

F2  65 To,,

To

ELCTO BEA DICAG I R T(A 0T,

o / o
/ z

a, z -

ELECTRN BEAM DISCHARGE f jRRENT (mA) 20m ort

I I \t lit I.rli, it ou 'Utl t)oL 'r )I the red itoitaic iluoirmn li..r
I A 1

1 
Nl I: t U 11 L i It 1)troll balam discliarLc' cuirrent I. I hit

'II , i~l IC'.hjC I tor tILd 35 intorr, rcsptfivel%. A\ial mim-'-

WAVELENGTH (1)

IW'C pieso,' t ' 0 tused Ito obtain (W laser action in several I 1,- 2. Spectrum I the 7127.9 A- laser oullt Ior Ithree 2 partial,

"IIIg_ i n i/c ld specices aid has been described in previo s presuc,. IlcliIIin I aalance t1 total aV raie jpresus re t 1.9 torr.

* Ith lII I a is A nliline ('W output power of 200 niW

"Aoh, iam,,d in a Ile-I , gas inixture at partial pressures of 0
,Ill i Irii~. re,,pect iveky- This maximum out put

ijws t .ka, itb imnil at ati electroll beam discharge current of

I II elctm heam cnergs of 2 keV, and with an axial 8/
1ihrlICkI licld tI 3.2 k(. lie liagnetic field was used to help
" Wli hc ,li lctihi heal iI the active region. Fig. I shows 74

thc ",altih i tI the laser 0i011pUl power with electron beam 6 2

dlIi 5 latee Ictt'li IlI a lie-F, Mixture. CW laser action was
z

al-, taliid iIiiii AgI as a fluorine donor, when a reservoir _
Fomltailiiii Ag- Lontiected to the plasma tube was heated above

C.l( - I aser action was obtained when helitmn1 was used as a 0

butter gas. as it was in all the cases in which pulsed laser action 0 3
,,as prevosl., reported I11-101 . When neon was used as a
buffer gas. laser action was not obtained. However, the addi- 0 [2
tior of only 50 ntorr of lie to a 0.3 torr Ne buffer gas dis-

.2harge resulted in (W fluorine laser oscillation. This indicates
that helium plays all important role in tile excitation mechanism 0 20.

of the tipper laser levels. ELECTRON BEAM DISCHARGE CURRENT (mA)

o hservation of the laser output with a 0.5 m spectroeter Fi 3. Variation of the spontaneous emission of the 7(131 5 and 7800.2
showed that oscillation call Occur at two freqluencies displaced atomic fluorine laser transitions as a function el electron beam
with respect to the line center of tie atomic spontaneous discharge current. Ite and 1:2 partial pressures 1.9 torr and 35 mtorr.
emission. Fig. 2 shows tile spectrum of tile 7127.9 A laser line respectively.

for three partial pressures of F2 . This splitting of the laser lines
is attributed to very different velocity distributions of the in agreement with Fig. 2. This characteristic of the spectral
atomtlic fluorine in tile tipper (31p2P) and lower (3s 2P) levels. distribution of tile laser light has been previously observed in
[lhe velocity distribution of the upper laser levels can be sub- the 8446 A Ar-0, laser [81-[101 . In this laser, the velocit ,
stantially broadened it these levels are excited by a processwith distribution of the atoms in the 33pt 1 levels is broadened
ar energy surplus. in which tie energy difference is balanced due to excitation involving collisions of the second kind be-
by a gain itt the kinetic energy of the atoms involved. The tween 02 and Ar* which have surplus energy. The gain profile
velocity distribution of tie atols ill the lower laser levels is is also split as a consequence of radiation trapping i,%ich occurs
narrower as a result of the imprisonnent of resonant radiation at line center on tile strong resonant line at 1300 A connect ting
and subsequent lengthening of the effective lifetime. When tile lower laser level with 0 I ground state.

tite pressure of 1:2 is reduced, the density of atomic fluorine ill Fig. 3 shows tile variation of the spontaneous emission it'
tie ground state decreases and the trappitg of the resonant two laser transitions as a function of the electtoti bealm dis-.

radiation becimies less severe. increasing tile gain at line cetiter, charge current. The spontaneous emtission shows a linear
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.6 Glow-discharge-created electron beams: Cathode materials, electron gun
designs, and technological applications

J. J. Rocca, J. D. Meyer, M. R. Farrell, and G. J. Collins
Department of Electrical Engineering, Colorado State University, Fort Collins. Colorado 80523

(Received 21 July 1983; accepted for publication 4 October 1983)

The operating characteristics of glow-discharge-created electron beams are discussed. Ten
different cathode materials are compared with regard to maximum electron beam current
achieved and the beam generation efficiency as measured calorimetrically. Specific electron gun
designs are presented for a variety of applications that include: cw ion laser excitation; electron
beam assisted chemical vapor deposition of microelectronic films; and wide area annealing of ion-
implantation damage to silicon substrates. The use of sintered metal-ceramic (e.g., Mo-AI,O-
cathodes to generate multikilowatt electron beams in a pure noble gas discharge is reported.
Cathode materials with high secondary electron emission coefficients by ion bombardment allow -

for electron beam production in glow discharges at 50%-80% generation efficiency values.

I. INTRODUCTION internal walls of the cathode (following bombardment by

The most common way of producing high voltage di- ions, fast neutrals, and photons) are accelerated through an

rect current electron beams involves thermionic electron internal voltage drop of several hundred volts. These elec-

emission and subsequent acceleration at background pres- trons are electrostatically trapped inside the hollow cathode

sures below 10 4 Torr. Consequently, the use of complex and lose most of their energy in exciting and ionizing colli-

differential pumping systems is usually required in any at- sions that sustain the internal plasma. The majority of the

tempt to inject this vacuum generated electron beam into an discharge voltage drop, however, occurs in the external cath-

experimental chamber containing gases at pressures in ex- ode dark space region shown in Fig. l(a). This external dark

cess of I Torr. space presents a voltage drop of several kilovolts to the elec- " -

This paper summarizes our work in direct plasma gen- trons which emerge from the hollow cathode plasma, there-

eration of kilovolt electron beams in a 10- ' to 3.0-Torr am- by forming the electron beam. Hollow cathode electron guns

bient using a glow discharge and secondary electron emis- have two modes of operation. One mode is a high impedance
sion from a cold cathode. In the past, glow discharge one in which the electron beam is produced, and the other is
electron beams have been used in material processing, weld- a low impedance mode where no electron beam is produced.
ing, melting, and heat treatment. This previous work was Operation in the beam mode occurs over a limited range of

discussed by Dugdale' and Boring2 as well as by Hurley.' current and pressure. '"2 When these two parameters are

More recently, new technologies such as the excitation 4" of
cw ion lasers, the deposition of thin microelectronic films,'
and electron beam annealing of ion-implantation damage.'_ DARK SPACE

have also required direct current electron beams operating in
ambient pressures of I Torr. In this paper we present glow HV

discharge electron guns designed especially for these three T
new purposes as well as electron beam discharge I- Vcharac-
teristics as a function of pressure and electron beam genera- H
tion efficiency. Different cathode materials are compared HOLLOW CATHODE
and the use of sintered refractory metal-ceramic oxide cath- to)

ode materials is reported. Finally, we briefly discuss new
applications of glow discharge electron beams.

DARK SPACE

II. GLOW DISCHARGE ELECTRON GUNS AND THEIR
OPERATION

Glow discharge electron guns can be divided into two
groups: "hollow cathode" or internal plasma electron gener- ELECTRON BEAM

ation types and "front face emission" or secondary electron
emission types. Figure 1(a) shows a hollow cathode glow dis- CATHODE
charge electron gun which we have designed for the excita- (b)
tion of cw lasers.' In this type of electron gun, the plasma FIG I Schematic repesentation of glow discharge electron guns. (al Hol-that develops inside the hollow cathode acts as a source of low cathode electron gun. I) Front face secondary emission cold cathode
electrons for the electron beam. Electrons emitted by the electron gun
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not properly chosen the extenal dark space sanishes, pro-

duction of the electron beam ceases, and the discharge then
operates in the low impedance miode in this mode the cath-
ode ,)perates is a reculaar holloA cathode, ' where the %ol-
tage drop is a fte% hundtred lts and a psrlis.e columi Occu-
pies the distance hetv'en electrodes. Pi,, [h I rnpedanc- '.

mode of operation prt.ent,, electron hn r produ~tton In-
stabilities in the discharge can ss itch the discharge from the
electron beam node to the los, impedance mode. and this is
undesirable for stable operation of the electron gun 'e
hrictl discuss below holoss cathode electron guns operah. ig
in the 10 to I - Iorr pressure region

[he pressure P. at %% hich a hollow cathode electron gun
will operate in the high impedance, electron beam mode, is
determined by the internal cathode diameter D. Consequent-
I., the scaling gas discharge law PD -- ('can be used to guide
the design of these electron gulls. , where C is a constanit -t(i 2 Electron Ieam plasma formed b. a front face secondary emissin

dependent upon both the nature of the gas and the cathode clectron gun
surface. Using a 4.7-ram cathode hole diameter, sse were
able to operate hollow cathode electron guns in the beam
mode at pressures up to 1.4 iorr in helium and 0.4 1 orr i efficient electron production using cold cathodes. Cathodes

argon. We obtained electron beam generation at the I-kW with a low sputtering yield are also required for prolonged
power level at beam currents up to 0. 1 A. " We also obtained cathode lifetime. In the next section we compare the results
"sheet electron beams" 20-cm long and several millimeters of beam generation using vaious cathode materials. The 4

wide by operating a transverse hollow cathode electron best cathode materials possess both a high secondary emis-

gun. Beam generation efficiencies of 50"/, -70% are typical ion coefficient and a low sputtering yield.

for solid wall hollow cathode guns.'' It is noteworthy that
perforated wall hollow cathode guns have also been success- III. EFFECT OF CATHODE MATERIALS ON BEAM
fully operated. 4.15 The cathode wall in this latter case is GENERATION
constructed of metallic mesh. These mesh electron guns are We constructed cathodes of 10 different materials.
very simple; however, their operating efficiency is consider- Each cathode was 3.1 cm in diameter with a 6-cm radius of
ably lower, typically 20% to 30%. We will emphasize in the curvature concave front face. The cathodes were surrounded
remainder of this paper "front face secondary emission" by an insulating ceramic tube to confine the emission solely
electron guns. Such devices can operate at higher pressures to the cathode front face. The distance between the cathode
and provide larger electron beam currents with higher oper- shield and the cathode was approximately 1 mm.
ating efficiency. For a more complete discussion of hollow Table I lists the cathode materials tested, the maximum
cathode electron guns, see Refs. 2, 11, and 12. electron beam discharge current obtained, and the relative

Figure I(b) shows a "front face secondary emission" sputtering erosion of that cathode material. Cathode sput-
type of eletron gun. In this case, electron emission from the tering was evaluated only qualitatively by comparing the
cathode wall is produced following bombardment of the state of the cathode surface before and after a discharge and
cathode surface both by ions and by fast neutrals created by by observing the spontaneous emission from cathode materi-
resonant charge transfer in the cathode sheath. The secon- al species in the glow discharge just in front of the cathode.
dary electrons produced at the cathode surface are acceler- In the case of materials with a high sputtering yield, the
ated along the electric field lines through the cathode dark characteristic spectral lies of the cathode materials are
space to form a well-collimated electron beam. This is clear- strong in the emission spectrum while low sputtering yield
ly shown in Fig. 2 where the electron-beam-created plasma is cathode materials had weak spectra. The first five materials
visible. The cathode face was made concave to focus the elec- listed in Table I are both good sources of secondary electrons
tron beam electrostatically. To confine the emission to the and at the same time have a low sputtering yield. Conse-
cathode front face, all other cathode surfaces were shielded. quently, they arejudged to be good cathode materials. Well-
In contrast with hollow cathode electron guns, secondary collimated multikilowatt dc electron beams have been ob-
emission electron guns present only one mode of operation tained with all five of these cathodes. Graphite has the lowest
and, hence, represent a considerable practical advantage for sputtering yield but a low secondary electron emission coef-
stable electron beam production. Secondary emission elec- ficient, y, and can be used when small (0. 1 Al electron beam
tron guns can opcrate at slightly higher pressures (0.1-3 discharge currents are sufficient. The last five materials list-
Tor than the hollow cathode guns. Operation at een high- ed in Table I are considered poor glow discharge cathode
er pressures is also possible, however, the electron beam be- materials. For example, copper beryllium has a high secon-
comes poorly collimated as the gas density increases. dary electron emission coefficient by ion bombardment

A cathode material with a high secondary electron I), - 2 for 3-keV ions),i" but unfortunately a high sputtering
emission coefficient by ion bombardment 7, is required for rate of cathode materials is observed. Thus, while it is possi-
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TABLE I. Characteristics of glow discharge electron gun cathode materials.

Maximum
current (A)

Cathode material Composition (3. 1-cm-diam cathodel Sputtenng

I. Aluminum coated with a 1.2 low
thin oxide layer

2 Magnesium coated with a 1.2 low
thin oxide layer

3. Lanthanum hexaborate 0.8 acceptable

4. Sintered 50-50% by weight 1.0 acceptable
Molybdenum-A 20 1

5. Sintered 50-50% by weight 0.6 acceptable
Molybdenum-MgO

6. Graphite 0.1 low

7. Copper 0.05 very high .1
8. Copper-beryllium 98-2% 0.05 very high

9. Stainless steel 0.05 high

10. Molybdenum 0.05 high

ble to increase the current of the glow discharge, the rapid way, the cathode oxide layer is continuously restored via

destruction of the cathode is enhanced by sputtering. Even at plasma-induced oxidation and we observed no change in the

small discharge currents, a green cloud is visually observed emission characteristics after 10 h of operation at high j110
in the vicinity of the cathode. Current values below 0.05 A mA/cm2) current densities. The I- V characteristics of the
for the maximum discharge current in Table I have little electron beam glow discharge with an aluminum cathode 3.1

significance because a well-defined electron beam is not ob- cm in diameter covered by a thin Al:O, film are shown in
served. Similar behavior is observed when stainless steel and Fig. 3(a) with He pressure as a parameter. This figure shows
molybdenum are used as cathode materials. These materials generation of electron beam discharge currents over I A
are also poor electron emitters following ion bombardment. (cathode current density > 0. 15 A/cm2) and that discharge
Again, in both cases it is possible to observe with the eye a powers up to 5 kW have been obtained. This figure also
distinctive colored emission characteristic of the sputtered shows that the impedance of the electron beam glow dis-
cathode material. charge is significantly reduced when an axial magnetic field

Next, we will discuss in more detail the characteristics (1-4 kG) is applied in the electron beam drift region The
of electron beam production with the five cathode materials magnetic field increases the plasma density. and subsequent-
considered practical. These will be discussed in three groups: ly, the ion flux to the cathode, thereby enhancing secondary
aluminum and magnesium; lanthanum hexaborate; and sin- electron emission from the cathode and lowering the dis-
tered ceramic-metal composites. charge impedance.

We performed calorimetric measurements to determine
A. Aluminum and magnesium cathodes with oxide the efficiency at which the electron beam is generated. A
coatings copper calorimeter was situated 13 cm from the cathode

Both aluminum and magnesium have strongly adher- emitting surface. The calorimeter was supported only by a

ent native oxide layers. When covered by a thin oxide layer thin wall stainless-steel tube of poor heat conductance to

these cathode materials are excellent emitters of secondary ensure good thermal insulation. The temperature of the ca-

electrons by ion bombardment, possessing a secondary emis- lorimeter was continuously measured with a thermocouple

stn c nnearly 1and its variation with time plotted %kith an x-t chart recorder

metals. These oxide coatings are also highly resistant to sput-

tering. However. when operated in a pure noble gas atmo- were also monitored and recorded. The efficiency E, . with

sphere at high current densities I I(X) inA/cm:), eneretic which beat electron'f arc gci ated bv the elect ron V un 

ions and neutral atoms which impinge on the cathode sur- then calculated as

face soon sputter off the native oxide laver. When Ihis coat- d" I
inTg iS removed, the secondary electron emissivity ofthe cath- dtode drops nearh an order of magnitude and the material of' E, I1

the cathode itself starts to rapidly sputter into the discharge.
This transition can he seen by the eye as a change of color in whereMis the massof thecalorimeter and (I |s thespecif-

the light emitted from the discharge region close to the cath- ic heat of copper. The results of these measurements for an
ode. It is possible. however. to maintain a stable oxide layer electron gun with an aluminum cathode in a He ambient
by adding a few millitorr of 0. into the discharge. In tlls (with 20 mIorr of ().. are shown ii "ig. 31b. The electron
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measured at pressures between 0.15 and 0.8 Torr, currents
12- ( 2 TORR between 60 and 700 mA, and discharge voltages between 1

Z 0- 0 and 2.5 kV. The glow-discharge-generated electron beams
(t have an energy width at half-maximum of 100-300 eV. 9

The energy width was observed to decrease for all pressures
U06 / 05 as the current was incremented. Also, at certain pressure-

current conditions the electron beam energy profile was ob-
cr served to degrade abruptly into a broad distribution. This

O2 -
o /change was coincident with the sudden appearance of a plas-

0 2 2 3 4 5 6 ma region with a very intense luminosity and with the emis-

DISCHARGE VOLTAGE (kV) sion of intense microwave radiation. This phenomena was
attributed to the generation of plasma oscillations driven by

0T0Rthe electron beam and is treated in more detail elsewhere.8( j~l_-
- I - 0

,
5 T O R R

> (b)
Z0 (b0 B. Lathanum hexaborate

6 0 -0 LaB, has been used in the past as a thermionic emit-

z ter.2" We have used LaB6 as a cold cathode in glow discharge
OJ50 - electron guns. We observed that after exposure to the am-

40 bient atmosphere lathanum hexaborate is a good electron
W <emitter by ion bombardment alone. However, after oper-

hu oi ation in a pure noble gas atmophere, an increasing voltage

W  o  300 40o 500 600 700 was needed to maintain a constant current. When a small

DISCHARGE CURRENT (mA) amount of 0, (20 mTorr) was introduced into the discharge
*0 the cathode rapidly recovered its electron emission. A thin

Fi"G 3 :a, V-I characteristics ot the aluminum cathode electron-beam dis- oxide coating is, as in the case of Al and Mg cathodes pre-

charge in helium wi ith 20 mTorr of oxygen added to the discharge chamber. viously discussed, apparently of fundamental importance in
Solid line without magnetic field Dashed line: operating the electron gun providing a high secondary electron emission coefficient, y'.

3 cot trom a olenoid producing a magnetic field of 3.2 kG. Fnnging field The I- Vcharacteristics of a 3. 1 -cm-diam LaB6 cathode oper-
at the cathode front face 40 G. h)l Electron-beam generation efficiency Ias a aigi
fun, ton of discharge current for an aluminum cathode. The He pressure in ating in a helium atmosphere with 20 mTorr of O2 are shown

Torr is ,hown 20 mTorr of oxygen was also added to the discharge in Fig. 4(a). Well-collimated electron beam glow discharges
chamber with discharge currents up to 0.8 A have been obtained. Ca-

lorimetric measurements of the electron beam production
beami generation efficiency is observed to increase as the to- efficiency are shown in Fig. 4(b). They indicate that electron
tal pressure decreases and as the cathode current increases. efficienc i up to 70% ae tatnelethThis is attributed to the increase of the secondary emsso beam generation efficiencies up to 70% are obtainable with
coehisien ai e a f tinthe iree of the iemission LaB6 cathodes in a helium atmosphere with a 20-mTorr par-
coefficient as a function of the energy of the impinging tial pressure of oxygen.
ions. " The energy of these ions and associated fast neutrals,
created by charge transfer, increases with the discharge vol-
tage. " A maximum electron beam generation efficiency of
80% was measured at 0.5 Torr of helium and a beam current C. Sintered ceramic-metal cathodes
of 065 A. The need for 02 in the plasma to achieve prolonged

Magnesium covered with a thin oxide layer is also an operation of Al, Mg, and LaB, cathodes can be undesirable

excellent emitter of secondary electrons following ion bom- in some applications. For example, ifthe electron guns are to

bardment. As in the case of aluminum, the oxide has a low be used for laser excitation, the presence of oxygen in the

sputtering yield. Again, if the cathode is to be continuously laser active medium can in some cases interfere with the laser

operated in pure noble gas environments at a high current excitation mechanisms. We have therefore developed cath-
density (0.1 A/cm2 ), then a few millitorr ofO, is needed to ode materials which can operate in a pure noble gas atmo-

compensate for erosion of the cathode oxide layer. We dis- sphere without the need of a partial pressure of oxygen.
covered that electron guns with magnesium cathodes create The materials are obtained by hot press sinterization of
glow discharges with lower impedance than the ones ob- molybdenum and aluminum oxide or molybdenum and

tained with aluminum cathodes of the same geometry. We magnesium oxide particles 10lm in diameter. This ceramic-
have obtained electron beam discharge currents of 1.2 A at metal composite has unique cathode properties. The oxide
an energy of 1.5 keV by operating a Mg electron gun with a particles have a high secondary electron emission coefficient
3.1 -cm-diam cathode in I Torr of helium with 10 mTorr of while the molybdenum particles make the material a good
oxygen. conductor of electricity enabling dc operation ofthe electron

We have previously measured the energy spectrum of beam. We experimented with several different ratios by

the transmitted electron beam, created by a magnesium weight of Mo to oxide particles to find the optimum propor-

cathode coated with a thin oxide layer, using an electrostatic tions for beam generation. We found that in the case of Mo-

energy analyzer. " Electron beam energy distributions were MgO, equal portions by weight worked well. This is equiva-
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lent to approximately 74% MgO and 26% Mo by volume. This prohibited tests at higher currents and explains why the
Consequently, the ions bombarding the cathode surface maximum current obtained with the MgO-Mo cathode was
mostly impinge on the oxide particles, allowing for efficienct smaller than with the AL.O,-Mo cathode.
electron beam production. Increasing the amount of MgO
results in an undesirable decrease of the electrical conductiv- IV. GLOW DISCHARGE ELECTRON GUN GEOMETRIES
ity of the cathode preventing dc operation. In the Mo-A120, Electron beams of tailored geometries can be realized
sintered mixtures, equal portions by weight of 10-pm-diam with front face secondary emission glow discharge electron
particles give good results as cathode material. Figures 5(a) guns. The geometry of the cathode face largely determines
and 5(b) show the V-I characteristics and electron beam pro- the shape of the resulting electron beam. However, as dis-
duction efficiency of a glow discharge using a 3. l-cm-diam cussed previously, the cathode material needs to have a high
Mo-MgO cathode operating in helium. These figures show secondary electron emission coefficient by ion bombard-
that electron beam discharge powers of 3 kW and discharge ment for efficient electron beam generation and a low sput-
currents up to 0.6 A have been obtained with these electron tering yield for prolonged lifetime. If a multikilowatt dc elec-
guns at efficiencies up to 75%. Figure 6(a) shows the V-I tron beam is desired on a continuous basis, the cathode must
characteristics of a discharge using Mo-A120 3 cathode, also be water cooled. Usually we make the water-cooled body of
3.1 cm in diameter. In this case the maximum discharge cur- the cathode out of copper, and press fit the selected cathode
rent obtained was I A. The electron beam generation effi- material into this cooled section. This two-piece construc-
ciencies as a function of current with helium pressure as pa- tion allows for efficient cooling of the porous cathodes made
rameter are shown in Fig. 6(b). Beam generation efficiencies of sintered materials. The entire cathode is completely sur-
up to 75% were demonstrated. rounded by an insulating shield that confines the secondary

In summary, both sintered ceramic-metal mixtures emission to the unshielded cathode surface. The distance
constitute good cathode materials, producing multikilowatt between the insulating shield and the cathode is approxi-
elecron beams in a pure helium atmosphere at efficiencies up mately I mm and is always less than an electron collision
to 75%. The MgO-Mo cathode fractured after a 0.6-A dis- mean free path. A grounded metallic shield has also been
charge, probably due to a poor thermal shock resistance. used.
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The primary application of glow discharge electron beam operating times (60 sec) were required for this applica-
guns in our work has been in the excitation of cw ion lasers. tion. The broad area cathode was surrounded by a quartz
Figure 7 shows the structure of an electron gun developed shield which confined the emission to the front face. Dis-
for this purpose. The electron gun geometry (doughnut-like) charge currents up to 700 mA and discharge powers of 3 kW
provides a clear 0.5-cm-diam optical path throughout the (70 W/cm2) were easily obtained. The I-Vcharacteristics of
axis. This permits one to easily match the electron-beam- this electron gun operating in helium are shown in Ref. 10.
created plasma volume with the volume of an optical resona- Figure 9 shows the structure of an electron gun de-
tor. To confine the emission to the cathode front face only, signed to produce a line source 5-cm long and approximately
the rest of the cathode walls are shielded. Specifically. a ce- 2-mm wide at the focal plane. This electron gun has been
ramic tube (99.8% AIO,) covers the external cathode walls used for both annealing silicon wafers as well as recrystalliz-
and a quartz tube shields the inner cathode walls. The cath- ing polysilicon films. The geometry of this electron gun is
ode was made ofaluminum 3.1 cm in diameter and was oper- similar to the transverse hollow cathode electron gun for
ated in a helium atmosphere which contained approximately plasma excitation described in Ref. 12; the main difference
20 mTorr of 0. The rest of the cathode was made of copper being that the cathode shown in Fig. 9 is slotless. Notice that
and was water cooled for adequate heat dissipation at multi- the operation of this electron gun is similar to the electron
kilowatt dc operating conditions. The cathode front face was guns previously described, except for the geometry, and con-
made concave to focus the electron beam as shown in Fig. sequently does not need further discussion.
1(b). We have used both 6 and 9 cm as a radius of curvature.
Similar electron guns with cathodes made of sintered metal- V. APPLICATIONS OF GLOW DISCHARGE ELECTRON
ceramic materials described in Sec. III were also successfully GUNS
used to excite cw ion lasers. The position of the anode is not
important so we usually use the stainless-steel vacuum A. Excitation of cw ion lasers
chamber in which the electron gun operates as the anode. We have used the electron guns described in Sec. II and
The use of this electron gun design in exciting cw lasers is IV to excite helium-metal-vapor gas mixtures and obtain cw
discussed further in Sec. V of this paper.

Figure 8 shows a broad area (7.5 cm in diameter) elec-
tron gun constructed for the purpose of electron beam an-
nealing of ion-implanted silicon wafers. The cathode was HEATED
made of a sintered Mo-MgO mixture of equal portions by SUBSTRATE
weight. The cathode was supported by an aluminum piece AREA
which was not water cooled in this case as only short electron ELECTRON

BEAM

CERAMIC TUBE CATHODE

WATER . . ..........
COOLING ____ ___- CATHODE

QUARTZ
TUBE .............

I'IG 7 Structure of the glow discharge electron gun for longitudinal laser FIG 8 Experimental setup used to anneal n-type silicon wafers implanted
excitatin. with 30-keV toron ions to a total dose of 5 \ 10' ions/cm.
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WATER COOLING discharge electron gun. This allowed for irradiation of an
CERAMIC ,entire 3-in. (7.5-cm) wafer without beam or wafer scanning
TUBE as did previous investigators. 4 An electron beam power of

up to 3 kW at a current of 0.7 A was created using a magne-
sium oxide-molybdenum cathode. The electron beam was
produced in helium at a pressure between 0.1 and 2 Torr.

4 The experimental setup shown in Fig. 8 was used to anneal n-
type silicon wafers implanted with 30-keV boron ions to a

total dose of 5 X 10' 5 ions/cm2 . Samples were isochronally
annealed for 15 sec at different electron beam power densi-
ties and the change in sheet resistivity was measured. The

CATHODE -reduction of sheet resistivity exhibited a threshold of 160 J/

-FOCUSED ELECTRON cm 2 and reached 10% of the initial value at a total energy of
BEAM S HEET 725 J/cm2. Annealing of doped polysilicon and silicide films

was also achieved.
Fig 9. Structure of an electron gun designed to produce an electron sheath In summary, broad area glow discharge electron guns
5-cm long and approximately 2-mm wide at the focal plane, This heath provide enough power density to allow processing of large -!
geometry is used for annealing silicon wafers and recrystallizing polysilicon
wafers, area wafers in a few seconds without requiring focusing and/

or scanning of the electron beam.
laser action in seven different singly ionized metallic spe- C. Electron-beam-assisted chemical vapor deposition
cies." We successfully used both, oxide-coated aluminum
cathodes2 and sintered metal-ceramic cathodes. In the first W ave us ow dic on ba tescase we introduced 10-20 mTorr of oxygen into the gas mix- SiO2 and Si3N4 films on silicon wafers at low substrate tem-

peratures (200* to 400"C). The need for low temperautre se-
ture, to allow stable electron emission over prolonged per- miconductor processing becomes increasingly important as
iods of time. In all seven laser media, the presence of the semiconductor device structures move to submicron dimen-
oxygen impurity did not affect the laser output power in ameasurable way. The axial path of the electron guns allows sions. Low temperature processes reduce dopant redistribu-
moeasableay. herla xiaa of the electron gd plaos w tion, wafer warpage, and crystalline defect generation each
for an easy overlap of the electron-beam-created plasma withprocessing. We
the volume of the optical resonator as show in Fig. 10. The ue elct a d c iatio f the rcssaneexciatin scemeshon inthi figre sestwo lecron used electron beam dissociation of the reactants as a new
excitation scheme shown in this figure uses two electron CDtcnqecmae ocnetoa flsaasse
guns that produce two counter propagating electron beams. CVD technique compared to conventional rf plasma assisted

CVD. In contrast with radio frequency CVD, where the re-
The electron beams are kept collimated along the i-m-long action volume fills almost all of the chamber, in the electron
plasma tube by use of an axial magnetic field of 1-4 kG.Usin ths eecton bam xciatin scemewe aveob- beam scheme the reaction is confined to the volume deter-
Using this electron beam excitation scheme we have ob- mined by the electron-beam-created plasma. In this way, the
tained cw laser radiation on more than 40 ion transitions. -

A cw laser power output of 1.2 W, for example, was obtained amount of reactants lost to the walls is largely reduced as ison the 4911.6 and 4924.0-,A transitions of Zn II. This repe- the undesired sputtering from chamber walls. We used both .
aluminum and sintered cathodes to produce rectangular

sents an order of magnitude increase in the laser output pow- eed l¢ electron beam sheets (2 X 30 mm) located parallel to the wa-
er and efficiency previously obtained for these metal vapor fer surface. The beam electrons collide with the reactant gas -
transitions using hollow cathode discharges.23  molecules dissociating and creating free radial species that - 1

In summary, electron beam pumping is a new way to include excited atoms and molecules, as well as positive and
excite ion lasers that has the potential of increasing both the negative ions. These species diffuse across a boundary layer
operating efficiency of these devices as well as the output to the heated substrate. Nucleation and film growth occurs
power." site N nrs

at absorption sites leading to the formation of islands. The
B. Large area glow discharge electron beam annealing process continues with coalescence of these islands to form a
of Ion-Implantaton damage continuous film. The experimental setup we used to obtain

We have thermally annealed ion-implant damage in sil- electron beam induced CVD of SiO and SiN 4 is shown in
icon wafers using a broad area (7.5 cm in diameter) glow Fig. 11. We expect the electron beam CVD technique to be

GAS IN GAS IN ELECTROMAGNET

FIG. 10. Setup used for electron beam pump-ing ofcw ion lasers utilizing two electron guns

I, ' that produce two counter propagating elec-
, TR4 ] tron beams. Electromagnet keeps the two

-HE ATER ELECTRON GUN beams well collimated.

TO PUMP

METAL SOURCE RESERVOIR
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GAS IN away by the bombardment of the cathode surface by ions and
fast neutrals. A similar need for an oxide layer was observed
for LaB, cathodes. The use of sintered refractory metal-ce-
ramic cathode matenals such as Mo-AI,01 allowed us to

CATHODE produce multikilowatt electron beams at an efficiency of up
TARGET CERAMIC to 75% in a pure noble gas atmosphere without the need for a

partial pressure of oxygen. Glow discharge electron guns
ELECTRON have been used in the excitation of cw ion lasers,

BEAMER chemical vapor deposition of thin microelectronic films, and
- for the rapid thermal annealing of ion-implanted damage in

HEATER silicon wafers. Other applications are suggested.
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